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Reorganization of the actin cytoskeleton requires nucleating factors, which initiate actin fiber for-
mation. In this issue of Immunity, the functions of two classes of actin nucleators are examined in
T lymphocytes, giving insight into the regulation of T cell polarity (Gomez et al., 2007).Upon T cell activation, dramatic mor-
phological changes occur, charac-
terized by polarization of the actin
cytoskeleton and accumulation of po-
lymerized actin at the site of contact
with antigen presenting cells (APCs).
This process leads to formation of
actin-rich lamellipodia-like (sheet-like)
structures that can appear to almost
engulf the APC. Actin polarization is
both the result of TCR engagement
and a requirement for effective T cell
activation (Rey et al., 2007). Actin reor-
ganization is also required for forma-
tion of the mature immune synapse
and for TCR-induced integrin-medi-
ated adhesion, which facilitates T cell
interactions with the APC (Sims and
Dustin, 2002). T cell polarization is
also accompanied by reorganization
of the microtubule cytoskeleton and
the reorientation of themicrotubular re-
organizing center (MTOC), which is
thought to be important for polarized
secretion of both cytokines by T helper
cells and cytolytic granules by cyto-
toxic T cells (Rey et al., 2007).
In recent years, a growing number of
studies have addressed the question
of how TCR engagement induces ac-
tin cytoskeleton reorganization. Many
proximal T cell receptor signaling mol-
ecules, as well as regulators of the rho
family GTPases, have been shown to
be required for these effects. How-
ever, the role of the specific nucleators
of actin polymerization remains poorly
understood.
Since spontaneous actin polymeri-
zation (filament assembly) is ener-
getically unfavorable, efficient actin
polymerization must be initiated by
a process referred to as nucleation
(Goley and Welch, 2006). There are
currently three recognized classes of
actin nucleation factors that can in-duce the polymerization of distinct
types of actin filaments: the actin-
related protein-2/3 (Arp2/3) complex,
the formins, and the spire proteins
(Faix and Grosse, 2006; Goley and
Welch, 2006).
A number of lines of evidence sup-
port the idea that the Arp2/3 complex
is a central regulator of actin polymeri-
zation in T cells. The Arp2/3 complex,
which consists of seven interacting
proteins, nucleates branching actin
networks and is thought to be impor-
tant for lamellipodia formation (Goley
andWelch, 2006). The Arp2/3 complex
(which resembles an actin dimer and
acts as a template for the formation of
Y-branching actin filaments) is not ac-
tive on its own, but requires interac-
tions with a nucleation promoting fac-
tor (NPF). Significantly, two key NPFs
for Arp2/3, the Wiskott-Aldrich Syn-
drome Protein (WASP) and the WASP
family-Verprolin homologous protein
2 (WAVE2), have been shown to
play important roles in T lymphocyte
cytoskeletal reorganization. Mutations
affecting WASP cause a primary im-
munodeficiency associated with de-
fective T cell actin organization and
impaired T cell activation (Ochs and
Thrasher, 2006). More recently, short
hairpin RNA (shRNA)-mediated knock-
down of WAVE2 has revealed a critical
role for this protein in T cell actin polar-
ization to APCs (Nolz et al., 2006).
WASP and WAVE2 are activated by
the Cdc42 and Rac GTPases, respec-
tively, permitting the interaction of
their carboxy-terminal Verprolin cofilin
acidic (VCA) or WASP cofilin acidic
(WCA) domains with the Arp2/3 com-
plex and actin monomers. Although
both of these NPFs activate the Arp2/
3 complex, they do not function equiv-
alently in T cell activation. In particular,Immunity 2recent data argue that WAVE2 more
severely affects T cell–APC interac-
tions and integrin-mediated adhesion
(Nolz et al., 2006).
Given that many actin-nucleating
proteins are broadly expressed and
that their genetic disruption can have
dire consequences for a cell, it is not
surprising that there is a paucity of
functional studies of these molecules
in lymphocytes. However, the use of
RNA interference has now permitted
the functional evaluation of many es-
sential regulators of the actin cytoskel-
eton in specific cell types. In this issue
of Immunity, Gomez et al. use shRNA
to study Arp2 and Arp3 (two critical
components of the Arp2/3 complex)
and two of the major formins ex-
pressed in Jurkat cells (FMN1 and
DIA1), uncovering some surprising
findings about T cell polarization
(Gomez et al., 2007).
As expected, knockdown of either
Arp2 or Arp3 leads to dramatic defects
in the accumulation of polymerized ac-
tin in response to TCR engagement
(Gomez et al., 2007). However, polar-
ized accumulation of polymerized ac-
tin was not ablated, although it was
markedly reduced and changed in na-
ture. Instead of a strong band of poly-
merized actin associated with lamelli-
podia-type structures engulfing the
APC, small spike-like filopodia exten-
sions toward the APC were observed.
Defects in cell adhesion to either
APCs or fibronectin substrates were
also seen, consistent with defects ob-
served in WAVE2 knockdown cells.
Nonetheless, another major feature of
T cell polarization, recruitment of the
MTOC, was not affected, demonstrat-
ing that depletion of Arp2/3 did not
abolish cell polarization per se. More-
over, the presence of microspikes6, February 2007 ª2007 Elsevier Inc. 139
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PreviewsFigure 1. Arp2/3 and Formins, Two Actin-Nucleating Proteins, Influence Distinct
Types of T Cell Polarization
(Top) Upon TCR engagement, the T cell becomes polarized, with accumulation of polymerized
actin (in red) and polarization of the MTOC (in green) toward the APC.
(Bottom left) Disruption of Arp2 or Arp3 reveals that the Arp2/3 complex affects actin polymeriza-
tion and lamellipodia-like interactions with the APC.
(Bottom right) In contrast, disruption of expression of either of the formins, FMNL1 or DIA1, reveals
their roles in MTOC polarization and T cell cytolytic function.interacting with the APC suggested
that there are other critical regulators
of actin polymerization in T cells. Con-
sistent with these findings, studies in
other systems have suggested that
Arp2/3 may not be required for filopo-
dia formation (Goley andWelch, 2006).
Enter the formins, a class of actin-
nucleating proteins implicated in the
rapid progressive formation of un-
branched actin filaments (Faix and
Grosse, 2006). Formins are defined
by the presence of two formin homol-
ogy (FH) domains: the carboxy-termi-
nal FH2 domain that nucleates new
actin filament polymerization and the
nearby FH1 domain that interacts with
profilin, which binds the G (mono-
meric)-actin required for filament as-
sembly. It has been hypothesized that
formins are involved in the formation140 Immunity 26, February 2007 ª2007 Eof unbranched actin filaments includ-
ing actin cables, stress fibers, and mi-
crospikes. Thus, formins appeared to
be excellent candidates for regulating
the development of the Arp2/3-depen-
dent microspikes.
However, knockdown of two of the
major formins expressed in T lympho-
cytes, DIA1 and FMNL1, did not affect
the formation of microspikes in Arp2/
3-depleted cells (nor did knockdown
of VASP, a potential regulator of
formin-dependent filopodia) (Gomez
et al., 2007). Indeed, knockdown of
DIA1, FMNL1, or both of these formins
did not substantially affect F-actin
polarization upon T cell activation.
Surprisingly, knockdown of DIA1 or
FMNL1 did affect recruitment of the
MTOC. Both DIA1 and FMNL1 were
also found localized in distinct patternslsevier Inc.near the MTOC. Consistent with the
role of MTOC polarization in the di-
rected secretion of cytolytic granules,
knockdown of DIA1, FMNL1, or both
together reduced cytolytic activity of
human CD8 cells.
UponTcell activation, theMTOCbe-
comes rapidly redirected toward the
APC via a poorly understood process.
Only a few TCR signaling components
have been implicated as upstream reg-
ulators of MTOC recruitment. How-
ever, recent data suggest that actin re-
organization may be involved in MTOC
recruitment by clearing microtubules
and thereby pulling the centrosome to
the plasma membrane (Stinchcombe
et al., 2006). The implication of the for-
mins FMNL1 and DIA1 in the dynamic
regulation of the MTOC provides new
insight into potential mechanisms by
which the actin cytoskeletonmay regu-
late MTOC recruitment. Interestingly,
formins have also been implicated
in microtubule organization, spindle
positioning, and cytokinesis in yeast
(Faix and Grosse, 2006), suggesting
roles for formins in both microtubule
and actin-based processes.
Together, these results support the
concept that T cell activation leads to
multiple types of actin cytoskeleton re-
organization (Figure 1). However,many
questions remain. First, how do for-
mins contribute to MTOC localization?
Do they affect microtubules directly,
or are their effects mediated solely
through actin? How are formin-medi-
ated pathways activated downstream
of the TCR? The Diaphonous-like for-
mins (which include DIA1) are regu-
lated by intramolecular interactions
and become activated upon binding
activated (GTP-bound) Rho. However,
Gomez et al. have found that FMNL1
can bind to either activated Rho1 or
Rac in vitro. Whether the same pools
of Rac activate WAVE2 and its down-
stream effector, the Arp2/3 complex,
remains to be seen. And since there
are multiple Rac, Rho, and Cdc42 iso-
forms (aswell as 15 formin familymem-
bers), the regulation and function of
these discrete family members remain
questions of interest.
Going back to the Arp2/3 complex,
are there distinct ways to activate dis-
crete pools of actin, the Arp2/3 com-
plex, or both together that lead to
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the differential effects of ablation of
WASP and WAVE2 in lymphocytes, it
would seem so, although Arp2/3-inde-
pendent effects should also be consid-
ered. Indeed, one surprising finding in
this paper was that disruption of the
Arp2/3 complex did not affect early
TCR signaling, including Ca2+ mobili-
zation, despite previous data implicat-
ing WAVE2 in regulation of TCR-in-
duced Ca2+ influx (Nolz et al., 2006).
And what about other actin-nucleating
proteins? In particular, the third class
of actin-nucleators, consisting of the
Spire proteins, is also involved in nu-
cleating unbranched actin filaments—
its effects on T cell function remain un-gp96 Leads the W
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and found that this protein is an im
Toll-like receptors (TLRs) are an im-
portant family of receptors that con-
tribute to innate immunity and regulate
adaptive immunity (Iwasaki and Medz-
hitov, 2004). They recognize microbial
ligands, such as bacterial lipoproteins
(TLR2 in heterodimers with TLR1 or
TLR6), double-stranded RNA (TLR3),
lipopolysaccharide (TLR4), bacterial
flagellin (TLR5), certain pathogen-
associated RNA sequences (TLR7),
and pathogen-associated unmethyl-
ated CpG motifs in DNA (TLR9). Of
these TLRs, the nucleic-acid receptors
(TLR3, TLR7, TLR9) are expressed
intracellularly, and the others are ex-
pressed at the cell surface. Defects in
TLR expression or function can lead
to increased susceptibility to infection
with various pathogens. In contrast,explored. Finally, it will be of interest
to examine how other signaling path-
ways may employ these different clas-
ses of actin-nucleating proteins, par-
ticularly pathways downstream from
chemokines and integrins, two other
key pathways that regulate cell polarity
in conjunction with signals from the
TCR. What is clear is that the study of
these distinct classes of nucleators
and the many functions of the T cell
actin cytoskeleton will provide food
for thought for many years to come.
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